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Animals harbor gut microbiota characteristic of the host and diet of origin. Whether bacteria from
diverse nonindigenous origins successfully invade foreign gut habitats is not well known. Now, See-
dorf et al. show that microbiota from a variety of disparate habitats can successfully colonize and
compete in the mammalian gut environment.All of us metazoa are islands, not so
different from isolated oceanic land
masses whose biota continually undergo
successive immigrations and extinctions,
as modeled in the infamous McArthur-
Wilson island biogeography theory
(MacArthur and Wilson, 1967). In fact,
animals consist of many islands that
represent collections of variably isolated
microbial habitats that exist on, within,
and throughout the body—be it bug,
fish, mouse, or man. Microbial commu-
nities that reside in different host taxa
and body regions have frequent opportu-
nity for dispersal, colonization, and re-
establishment elsewhere. Empirical data
suggest that migrating microbes most
successfully colonize habitats similar to
those of their origins (be it gingival
surfaces in the mouth, the intestinal
mucosa, or different areas of the skin).
Sometimes though, microorganisms may
wash ashore and establish themselves
on a very different island, on or within
the same host, or perhaps even in a vastly
different species. But how regularly might
this occur? Can alien microbial invaders
successfully establish themselves in
vastly different hosts or habitats? More
specifically, how well do foreign micro-
biota from fish, soil, and microbial mats
fare in a mammalian gut environment? In
this issue of Cell Seedorf and colleagues
address such questions and experimen-
tally test the relative ability of foreign mi-
crobial communities from fish and termite
guts, soil, aquatic mats, and various hu-
man body habitats to colonize the germ-
free mouse gut and compete with nativemouse intestinal microbiota (Seedorf
et al., 2014).
They use direct experimental strategies
to test the colonization capabilities of
alien microbial assemblages (‘‘xenomi-
crobiota’’). Their ability to challenge
germ-free mice with vastly different
microbiota, to precisely control diet, to
cohouse mice with different transplanted
xenomicrobiota together with germ-free
‘‘bystander,’’ and to compare mutant
gnotobiotic mice with immunodeficiency
or ablated acid-producing cells in the
stomach all combine as powerful probes
to test interactions between the host and
diverse xenomicrobiota. Conveniently,
the mice participate in the experimental
procedures themselves by cross-colo-
nizing one another in cohousing experi-
ments via the process of copraphagy.
The general experimental strategy is
reasonably straightforward (Figure 1).
Germ-free mice are initially challenged (by
gavage) with a variety of diverse input mi-
crobiota. The outputs (fecal or cecal mate-
rial) from these initial communities are then
passaged in a series of subsequent coloni-
zations (stages 2, 3, 4) to examine the sta-
bility of alien microbiota in the mouse gut
and to follow subsequent competition in
cohousing experiments. Bacterial small
subunit ribosomal RNA sequence ‘‘tags’’
are used to compare the number and
different types of microbial taxa among all
experimental inputs and outputs. In addi-
tion, the gene content of the selected and
embattled communities (their xenomicro-
biomes) are characterized, along with ex-
pressed metabolic activities.Cell 15Surprisingly, the microbiota originating
from soil, microbial mats, termite, and
fish guts, as well as human body habitats
(gut, mouth, skin), are all able to colonize
germ-free mouse guts to one degree or
another. Biological replicates suggest
that the colonization patterns are repro-
ducible, with two different termite colony
microbiota yielding very similar bacterial
compositions in recipient mouse guts.
Compared to mouse cecal and human
fecal microbiota, however, more foreign
xenomicrobiota diverge to a greater
extent from their original input sources
after selection in the mouse gut. Perhaps
predictably, gut microbiota from fish and
termites maintain a greater proportion of
their original diversity after successive
colonization and passage than do non-
gut communities from soil, mats, or hu-
mans. Also not so surprisingly, the
environmental conditions and resources
available in the mouse gut are favorable
to a greater proportion of species origi-
nating from other gut microbiota than
they are for those from foreign habitats.
In aggregate, among all the diversemicro-
biota tested, 15 bacterial classes from 9
phyla successfully colonize the mouse
gut. Firmicutes are clear ‘‘winners,’’ repre-
senting the only phylum that successfully
colonizes every mouse gut community
across all experiments.
‘‘Ecological invasion’’ experiments
were then used to survey cohoused
groups of four micewith different selected
microbiota: one participant harbored a
selected zebrafish community, another
cagemate contained a termitemicrobiota,9, October 9, 2014 ª2014 Elsevier Inc. 233
Figure 1. Alien Invaders in Mouse Gut
Microbiomes
Microbiota from a variety of source communities
were gavaged into germ-free mice and commu-
nities allowed to develop (stage 1). The output
(fecal or cecal material) from stage 1 is used as the
source community for stage 2. Mice with three
different types of gut communities are cohoused in
stage 3, along with a germ-free mouse, which
subsequently acquired members from the micro-
biomes of its cohabitants via copraphagy. Stage 4
tests the ability of composite communities that
colonized the gf mouse to colonize the guts of mice
with native mouse gut microbiota. Microbial com-
munities were surveyed by 16S rRNA phylogenetic
identification and comparative community ana-
lyses. z, zebrafish gut; s, soil; am, aquatic microbial
mat; t, termite; ht, human tongue; hs, human skin;
hf, human feces; mc, mouse ceca; gf, germ-free.and yet another contained a selected soil
microbiota while a germ-free mouse func-
tioned as bystander with an initially empty
gut ecosystem. Following the course of
microbial exchange reveals interesting
patterns of succession over different234 Cell 159, October 9, 2014 ª2014 Elseviestages of copraphagy-mediated coloni-
zation. Over time, the gut microbial com-
munity compositions of the different
mouse gut communities converge in
compositional similarity, with soil and
fish microbial species dominating the
‘‘climax communities.’’ In these cohous-
ing experiments, Firmicutes again appear
as ‘‘winners,’’ with a single, soil-derived
phylotype (family Lachnospiraceae) rep-
resenting 57% of the total (converged)
community among all the cohoused
mice. But their success is short lived.
When gnotobiotic mice with the compos-
ite xenomicrobiota resulting from the
previous round of cohousing are subse-
quently cohoused with mice containing a
mouse cecal microbiota, this phylotype
drops to background levels of relative
abundance. In a final battle, trio cohous-
ing of mice—one with a transplanted
mouse cecal microbiota, another with a
selected human gut microbiota, and a
germ-free bystander—produces unex-
pected early colonization of the germ-
free bystander with human-derived
bacterial taxa that are later extirpated
and replaced by mouse taxa.
Can functional or mechanistic lessons
be learned from observing thesemicrobial
comings and goings? Productivity esti-
mates suggest that mammalian gut-
derived communities reach the highest
biomass among colonized mouse guts,
followed by soil, microbial mat, and
termite microbiota (Seedorf et al., 2014).
Human skin, tongue, and fish gut commu-
nities achieve the lowest biomass in colo-
nized mouse guts. In tandem, levels of
short-chain fatty acids, byproducts of
polysaccharide fermentation, also corre-
late with microbial biomass. Shotgun
sequencing reveals that gene categories
enriched across gut-selected micro-
biomes include specific carbohydrate-
degrading genes for breaking down
starch, a major dietary component of the
experimental mice. Genomic indicators
of carbohydrate and bile acid degrading
capacity in the selected xenomicro-
biomes also seem to be good predictors
of biomass and productivity. A similar
pattern is seen in ‘‘population genome’’
from the soil-derived Firmicute ‘‘winner’’
in the stage 3 ‘‘ecological invasions,’’
whose genome is enriched in genes
involved in degrading plant- and host-
derived glycans. Clearly, dietary compo-r Inc.sition represents a central intersecting
dimensionality of the fundamental niches
of the invading xenomicrobiota.
Are there practical implications to be
gleaned from the somewhat esoteric
experiments of Seedorf and colleagues?
After all, massive ingestion of zebrafish
gut microbiota or microbial mat consortia
hardly seems an ecologically relevant
concern for your average mammal! In
the context of emerging interests in
‘‘microbial community therapies,’’ how-
ever (exemplified by fecal transplants
and probiotics), clearly a case can be
made for ecological experimentation
(Lemon et al., 2012). Careful studies that
focus on the interplay between host geno-
type, diet, physiology, microbial origins,
and taxa, along with microbiome gene
content and variability and transmission
versatility, can provide significant insight
into the rules that governmicrobial coloni-
zation success and that define commu-
nity stability. Beyond clinical interests,
the experimental strategies of Seedorf
et al. also have the potential to contribute
to fundamental ecological understanding
(Costello et al., 2012). Whereas some
lament our inability to find ecological pat-
terns and rules due to complexities
inherent in community dynamics (Lawton,
1999), others argue that, by placing com-
munity ecology studies in a framework of
selection, drift, speciation, and dispersal,
a clear path for progress can be paved
(Vellund, 2010). Certainly, experimental
ecology has a role to play.
That the mouse gut environment can
select and stably maintain many xenobi-
otic species from very diverse sources is
surprising. And there do seem to be
some governing ‘‘rules’’—one being, if
you want to invade a mouse gut, no
matter your origin, it helps if you are a
Firmicute! Hutchinson defined niche
(Hutchinson, 1957) as an ‘‘n-dimensional
hypervolume’’ of environmental parame-
ters and resources that envelope the full
range of conditions that can support a
given species (the fundamental niche).
Seedorf and colleagues now show that
opportunists from disparate habitats
have fundamental niches that allow them
to colonize unsuspected habitats, well
beyond their predominantly perceived
realized niches (Seedorf et al., 2014).
This points toward potential mechanistic
explanations for how dispersal, adaptive
radiation, and community dynamics
combine to enable the evolution of newly
configured gut microbial communities in
evolving host species.
We are now entering a new era of
experimental microbial community ecol-
ogy in which many of the mechanisms
that regulate dispersal, colonization,
selection, and succession may soon be
determined. Advances in both funda-
mental ecological theory as well as in
practical applications seem inevitable.
Animals live in a bacterial world (McFall-
Ngai et al., 2013). The dynamics and
mechanisms of microbial community
colonization, assembly, and stabilitycertainly need to be better understood,
in parallel with efforts that address some
of the more thorny sociopolitical issues
associated with ‘‘microbial ecosystem
therapy’’ (Ettinger et al., 2013).REFERENCES
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Neuronal plasticity depends on plasmamembrane Ca2+ influx, resulting in activity-dependent gene
transcription. Calmodulin (CaM) activated by Ca2+ initiates the nuclear events, but how CaMmakes
its way to the nucleus has remained elusive. Ma et al. now show that CaMKIIg transports CaM from
cell surface Ca2+ channels to the nucleus.Learning and memory depend on long-
term neuronal plasticity and the ability of
neurons to weaken or strengthen synap-
ses in response to changes in electrical
activity. A long-lasting decrease in neuro-
nal network activity leads to an overall in-
crease in the average synaptic strength
to maintain homeostasis of excitatory in-
puts into the neurons. This process is initi-
ated at the cellular membrane, where Ca2+
influx through surface CaV1 (L-type) chan-
nels starts a series of events culminating in
the activation of nuclear CREB and gene
transcription. Though many of the players
in these signaling events are known, sur-
prisingly, the mechanism through which
electrical activity at the cell surface gets
transmitted to the nucleus has remaineda mystery. Richard Tsien and colleagues
now show that gCaMKII, a member of
the CaMKII family of kinases, acts as a
shuttle and, independent of its kinase ac-
tivity, conveys the Ca-dependent events
from the membrane to the nucleus.
The molecular details of this shuttle
mission are as intriguing as the voyage
of CaMKIIg through the neuronal micro-
cosm. In hippocampal neurons, L-type
Ca2+ channels Cav1.2 and Cav1.3 couple
neuronal excitation to Ca2+-controlled
gene expression via the transcription fac-
tor NFAT (Murphy et al., 2014; see also
Nystoriak et al., 2014) through the direct
association of key signaling elements
with Cav1.2 and Cav1.3. For instance,
the anchor protein AKAP5 links PKA(Hall et al., 2007; Oliveria et al., 2007)
and the Ca2+/CaM-activated phospha-
tase calcineurin to Cav1.2 for localized
activation of NFAT (Figure 1) (Murphy
et al., 2014). Moreover, CaMKII binds to
a specific motif in Cav1.2 (called the IQ
motif) and likely to the identical motif in
Cav1.3, to Ca
2+ channel b subunits, and
to Cav1.3-associated densin-180 (Hell,
2014). Work in superior cervical ganglion
neurons shows that CaMKIIb is recruited
to Cav1.3 upon Ca
2+ influx through this
channel and, less effectively, non-L-type
channels (Wheeler et al., 2012). This
recruitment turns out to be critical for acti-
vation of nuclear CaMKK and CaMKIV by
Ca2+/CaM and for the ensuing phosphor-
ylation of CREB. Ma et al. now reveal the9, October 9, 2014 ª2014 Elsevier Inc. 235
